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SECTION I

LTROUCTION

Superplastic forming with concurreat diffusion bonding (SPF/DB) has

emerged as a practical cosc- and adterial-saving method of titanium fab-

rication, and attention has begun to b focused on improving SPF/U8 by

opcimizing the material and process parameters. A recent Air Force

sponsored reseArch program (Reference I) addressed the dependence of

Ti-alloy superplascicity on icrodtructural and cexture variables as
affected by variations in thermomechanical processing. The use of

ancillary adaitions to control superplastically favorable icrostruc-

tures in Ti alloys has received little attention.

A systematic study of supet-lascia formability of several. alpha-beta
titanium alloys (Reference 1) indicated that Ti alloys having lower

beta-transus temperatures and containing higher volume fractions of beca
phase required lower gas pressures and forming temperatures and exhib-
ited higher strain-rate sensitivies and forming rates. Because small

additions of hydrogen to tiLanium alloys stabilize the beta phase and

produce a larger volume fraction of beta phase (Reference 2), the addi-

tion of hydrogen as a transient alloying addition to Ti alloys offers a

m ethod to improve superplasticity of "i alloys. The transient hydrogen

can be subsequently removed by vacuum annealing.

Recent phase-transformation studies in Ti-6Al-4V-i alloys (Refer-
ences 3 and 4) indicate yet another beneficial effect of hydrogen in Ti.

An kFWAL-ML program inveatigating the effect of large concentrations of

hydrogen on the heat treatment and processability of Ti alloys has shown

that uniquely fine microstructures can be produced by beta annealing Ti-

bAI-4V-1i, transforming by eutectoid decomposition, and dehydriding.

Such fine raicrostructures are conducive to increased room-temperature

't rength and ductility and high-temperature creep resistance.

The results of a systematic study of the beneficial effects of

hydrogen on superplasticity and tensile and creep oroperzies of Ti

alloys are presented In this report. The aicrostructural rdeiaewent and

property improvement effected by the heat treaitmetit of Ti alloys cun-

taming 4ydrogen and he effects of naternal iiydrogen on the super?4as-

tic forming and diffusion bonding of Ti alloys were determined.



SECTION II

TECHNICAL 8ACKGROUNI)

i. PISE tRANSO.r-1aTION IN Ti-K ALLOYS

Hydrogen combines readily with titanium and has a solubility in Ti

of up to bO at.Z at 6000C (LLiO 0 F) (Figure 1). Rydrogen additions reduce

r.he beta-transus temperatuire and stabilize the more-Qpen body-centered-

cubic phase of Ti. The equilibrium pressure-tetperature-concentration

relations in the Ti-H system shown in Figure 2 indicate that the Ti-H
solid solution fored by annealing Ti at JO0 C (1110F) in a > 10 Pa

Hydrogen (wt%)
0 0.25 0.50 1.0 1.5 2 3 4

1000 rr F

T H

700 /1

%3 /

/;
7-

500 -
S400

300

200

100

0 I0 0 30 40 50 60 70
Hydrogen (at.0% )

Figure 1. Phan dlagrsm for the TI-H system.
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Film 2. Equilbrium pruun.tempefutur-oe'cmtrdou
reialtoui for the TI-H system.

(1.3 x 10- 2 Torr) hydrogen atmosphere can be converted to hydrogen-free

titanium by subsequent annealing in a vacuum of < 10 "2Pa (7.5 x 10 "5

Torr). This reversiale process has been used successfully to produce

tanium powders by the hydride-dehydride (RDH) method (Reference 5).

Although the DH process Is a standard method for producing titanium

powder, the implications of the method for producing fine inicrostruc-

cares were realized only recently (References 3, 4, and 6). Witn the

objective of utilizing the fine aicros4ructure for property improvements

in Ti alloys, Karr et a.. (Reference 4) conducted a detailed study of

the phase transformations in Ti-6AI-4V-H systems and determined the

phase boundaries as shown in Figure 3. Several significant differences

wf're noced oecween the Ti-H1 and Ti-6A1-4V-R systems. The addition of

1.1) -,t hydrotgen decreased the beta transus temperature by onl/ 2U0 0 C

(3b0 0) in Ti-6A1-4V compared Atth a beta-cransus temperature reduction

of 55uOC 0900 F) in Ti. rhe eucectoid isotherm in Ti-6Al-4V was Identi-

3
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900- v Eutectoid transformation
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fied to be SOO00C (1470 0F), which is significantly higher than in Ti.

The time-temperature-transformation curves for Ti-6Al-4V-1.35 wt% hydro-

gen shown in Figure 4 indicate that the transformation is slow below

Hy7ro0e (1065'3F).(OA

The tandrd feat-treatment cycle used to produce fine microstruc-

(I.UO1290F, btaannealing above 600% (1470 0F) for ..0.5 n,

tranforingthebeta-annealed alloy at u b00 C (i1000F) for 8 h, and

dehdroenain th aloyin a vacuum or 10U Pa (7.5 x 10 Torr) at

65QUU (1UO-290F).AL the transformation temperature, hydrogen-

satuate bea pasedecomposes isothermally to alpha phase and titanium

hydidewit soe rtaiedbeta, and upon dehydrogenation the hydride

trasfoms o aphaandbeta. The heat-treatment process termed

"hydrovac" produces fine microstructures of the type shown in Figures 5

F and 6. The transformation temperature determines tne size and spacing

of the alpha and beta phases and the dehydrogenation temperature

determines subgrain size and dislocation density produced by the removal

4
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Figure 4. Time-tempertu -trasformatou curves for TI-6A1-4V-1.35H.

of hydrogen. For example, if the dehydrogenation is done at 6500C

(122 0 F), the substructure consists of highly tangled dislocations

simnilar to those observed in cold-worked material (Figure 6a). With ia-

creasing dehydrogenation temperature, increased recovery and polygoniza-

tion results in the formation of well-defined cells (Figures 6b and

oc). The fine subgrains resulting from hydrovac treatment increase the

matrix strength (io) by acting as slip barriers. The overall tensile

yield-stress (a) resulting from the superposition of the matrix yield-

stress and subgrain-strengthening contributions is 3iven (Reference 7)

by Jy (1 o + (k-nyi 2 , where k is a constant, X is the subgrain

size, and n has a value of 0.75-1.0. The subgrains significantly reduce

thne dislocation pile-up length and increase the ductili:y. The

subgrains are effective in increasing the treep resistance of the

,Illoys.
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FIuRM S. Mlerostructume of Ti46AI-4V.1.GH bets tieated at UWOC, truawed at 3900C for
4 It. and dehydrogenaged at in) 6990C, (b) 7W*C, sod (c) 760C.
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2. EFFECT UF UMMtAL !IMROGEN ON SUPER.PWLTIC M'M4 AIM DIFFUSIUN

SOUD t OF Ti ALLOYS

A previous study has shuwn that the wost important microstructural -

variables affecting the superplasvLcity of titanilm alloys are grain-

siAe, grain-shape, and volume-fractions of the constituent phases at

temperature (Rafe Pnce 1). The best combinations of flow stress and

strain-rate sensitivity values for Ti-0Al-4V are obtained with optimum

amounts of beta phase (Figure 7).

All data on the superplasticity of IU alloys indicate that a fine-

train microdtructure and graia-Srowth retardation during forming are

desiraole for improved superplasticity. The strain-rate dependences of
flow stress and strain-rate sensitivity of Ti-6Al-4V, Ti-WAl-lMo-IV, and
Ti-3Al-2.SV, plotted for various ratios of the tout temperature (T) to--

the eta-transus temperature (T ) in Figures 8 and 3, indicate that the

flow stress and strain-rat* sensitivity at a constant strain rate of

different alpha-beta alloys are uniquely related to T/T, Wnich is a

%easure of the relative amounts of alpha and beta phases present. The

effects of different compositio"s and microstructural modification:) are

implicit in the T/T ratio of a specific alloy. For a fixed T/T ratio

and &rain size, the logarithm of flow stress is the samae function of the

logarithm of the strain-rate for all alloy coapositions. Therefore, by

lewering the beta tr asus temperature and minimizing the in-process

grain Kroth, superplastlc forming (SPF' and Uiffusion bonding (DB) can

be improved significantly.

P:'a\ious efforts to ootain fine-grain microstructures in Ti alloys

have I.sen ov thermomechanical processing oi the alloys, and few studies

nave adressed the pronlem of minimizing in-process drain growth, lower-

ing the beta tranus tempereture, and increasing the beta phase. The

effecaiveness of hydrogen additions to alpha-beta Ti alloys for lowering

the beta-transus temperature, controlling the alpha and beta phase pro-

portions, and producing fine transformation microstructures indicate a

potential for improving the superplastic formability as well 4s the

creep resistance and room-temperature tensiLe properties oi Ti alloys.

The microstructural modifications effected by hydrogen additions to Ti
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decrease the high-temperature flow stress and increase the sctrain-rat.

sensitivity, both of which are conducive to superplasticity. Furcher-

%ore, because diffusion of Ti and 4 ire itgnifttantly tightr in the b*t4

phase than in Che alpha phase, hydrogen additions offer the possibiLity

of improving diftusion ooanding of Ti alloys. Kearns et al. 'lRference

d) demonstrated signifticant Improvements Ln the superplasticity of

Zircalloy-4 with 0.0-0.3 vwt hydrogen additions. The hydrogen addi-

tions to 74rcalloy-4 decreased the high-temperature flow stress and in-

creased the strain-rata at which strain rate sensitivities indicative of

sperplasticity (a o 0.3) were observed. The improved superplasticity

4.n hydrogen-containing ZircalUoy-4 was attributed to the presence of

two-phase microstructures at temperatures for which the hydrogen-free

alloy Is aormally single phase.

Production of favorable alpha-beta proportions and consequent SPF-0B

qt lover temperatures has the advantages of increased die lift, shorter

forming 4nd/or bonding time, decreased temperRture-induced nicrostruc-

tural degradation, and increased part complexity. Furthermore, the

lattice-volume changes accompanying hydrogen removal from hydrogen-

charged Ti specimens offers a method of generating a high density of

].attice defects and increasing strain accovmodation during high-

temperature forming.

. ... . .. ... . ....

. . . . ...... ... ii ' ...



SKCT tON III

UBJKCTIVES ANO APPROACH

1. U&J4UTrIVES

rne general objective of the program on op:imum micrestructures for

superplastic forming using hydrovac was to determine the extent to vhich

the addition of large amounts, up to 1.0 wt%, of hydrogen can be usod to

improve the tensile and creep propertias and superplastic formability or

diffusion bondability of titanium alloys by producing fine microstruc-

tures, reducing the forming temperature and flow stress, and miniaizing

zicrostructural changes during forming.

The specific objectives of t~his prodirauk were: (1) t~o characterize

completely, in Ti-6AI-4V and Ti-6&U-2Sn-4Zr-"1'1o, the unique fine micro-

st~ruct~ures t~hat, can be produced by hydrovac processing, (2) t~o charac-

cerize tihe hydrovac-proceased material with respect to mechanical pro-
perties, including tensile characteristics, fatigue crack growth, creep,

superplastic formability, and diffusion bondability, (3) to determine

the superplastic formability and diffusion bondsbtlity of Ti-6A1-4V and

Ti-6A1-2Sn-4Zr-2Mo containing different amounts of internal hydrogen,

(4) to determine whether the evolution of hydrogen during superplastic

forming or diffusion bonding will pertmit lower temperatures, lower flow

stresses, and shorter cimes for superplastic forming or increased com-

plexity of superplasticity formed parts, and (5) to determine the effact

on final mechanical properties of superplastically-formed titanium

allays after removal of the previous large concentrations of hydrogen.

2. PROGRAM ? "N

This program was organized into two phases. Phase I was concerned

with producing, characterizing, and testing material in which the fine

fmicrostructures were produced by hydrovac processing. Phase II was con-

cerned with determining the superplastic forming and diffusion bonding

characteristics oi material Cnat contains hydrogen. Figures 10 and iI

are flow charts showing tne scope of the program.

12



Widmanstatten Equiaxed-t Ti-6A1.4V
41h6A1-4V Ti-6A1-2Sn-4Zr-ZMo
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* TIM-WA-4V measure mechanical prioperties., Hydrova4Z.ZM

trough shape,
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Figure 10, Flow chart showing scope of Phase IOf the proitram.
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T an760. SOS, 8y0,oand 90.C. hydroann-0r6on -

stesadlbrtr W 0.80 n 0*CEnvironment: argon.r

hydrogen-argon I Dehydrogenate and[ measure mechanical
properties

Figure 11. Scope of Phase 11 of the program.

3. SELECTIUN OF ALLOYS

Ti-oAI-4V and Ti-6A1-2Sn-4Zr-2Mo alloys were selected as representa-

tive of alpha + beta and near-alpha titanium alloys, respectively. The

alloys were procured from RMI Go., Lawrence Aviation Industries, Inc.,

and TLIET. Table 1 lists the supplier, lot nembers, and suppliers'

chemical analyses of the alloys used in the present study.

Two ricrostructural Yiariatioas of Ti-6A.1-i-V were evaluated for the

production of fine microstructures by hydrovac processing: equiaxed,

fine-3rained microstructure and elongated, alpha-beca (Widmanstitter-)

muicrotructure.

The conventionally processed Ti-6A1-4V v'as rolled and mill annealed

At 787 0C (14500F) for 0.25 hi and air cooled to 250C (770F) to produce a

f inequaEd: alph:-plus-prior-beta microstructure, wnich is favorable

tolloved byair-cooling to 25 C (770F) wps used to producea

14



PI TABLE I
CHEMICAL ANALYSES OF ALLOY LOTS

Comup.sid. (wt%)
Eent T".AWV, Th A-4V, TI-4A5-2S@-4Zr-ZMo,

RMI bIs LAI lot TIMET ot so.
8962ff-7 "5MP68S3

Al 6.0 6.08 S.9
V 4.0 4.06 -
Sn - - 2.0
Zr 4.2
Mo - - 2.0
C 0.02 0.04 0.012
N 0.012 0.022 0.004
Fe 0.17 0.16 0.07
Y < 0.005 < 0.001 < 0.005
0 0.126 0.132 0.11
H 0.0043 0.0033 0.006
Mn - - 0.005
Si - - 0.07

Widmanstatten alpha-beta microstructure, which is unfavorable for super-

plastic formuing. For convenience, the ill-annealed Ti-6Al-4V will be
designated as equiaxed-a Ti-6Al-4V and the beta-annealed Ti-6Al-4V will

be r'eferred to as Widmanstatten Ti-6A.-4V.

Ti-6A1-ZSn-4Zr-2Mo was given a duplex-annealing treatment consisting
of annealing at 900 0C (1650 0 F) for 0.50 h, air cooling to 250 C (770 F),

reannealing at 7900 C (14500F) for 0.25 ft, and air cooling to 250 C
(770 F).

4. PRODUCTION OF 17D'-f 11CKOSn.UCTURES 6Y V1YDROVAC PROCESS LNG

Lar3e alloy panels were hydrovac processed at Oregon ,4etallurgical

Corporation (0KiMET), and the small alloy specimens were hydrogen

ctarged at ..ir Force Wright Aeronautical Laboratories and transformed

and aetydroenated at ADKL. The sequence of steps used Ln nydrovac 2ro-

cessing consisted of hydrogenation at 650 0C (1200°F) of alloy specimens

to 1.0 t 0.1 wt% hydrogen, neating the specimens above :he eutectoid

temppcature 1- 300' ,.4900v)) to ?roduce an all-beta microstructure,

L5
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transforming che beta-annealed alloys below "',e eutectoid temperature to

produce closely spaced, fine, eutectoid decomposition products, and

dehydrogenating the alloy in a vacuum of - 10-2 Pa (7.5 x 10- 5 Torr)

(Reference 9).

Small specimens were hydrogenated in a stainless-steel tube,-75 ,-

(3 in.) in diameter by 1.5 m (60 in.) long, sealed by flanges at both

ends, and mounted in a laboratory furnace. One flange had inlets for

the thermocouples and hydrogenating gas tubes. Specimens to be hydro-

genated were placed in an unsealed box made of Ti-6A1-4V sheet, 0.42 i

(.016 in.) thick. This box aided in uniformity of hydrogen absorption

during the run and reduced the contamination pick-up from the hydro-

genating gas. The box containing the specimens was placed in the work

zone at the center of the furnace where the temperature was uniform

within * 100 C (180F) over a length of 250 m (10 in.).

The furnace was evacuated and purged with argon three times, and

then heated to the hydrogenation temperature with an atmosphere of flow-

ing argon at a slight positive pressure in the tube. When the hydro-

jenation temperature, 6500C (1200°F), was attained, a flow of hydrogen

was added to the argon stream and maintained for the hydrogenation time.

The hydrogen content of the specimens was controlled by the time of

hydrogenation and the partial pressure of hydrogen. At the end of the

hydrogenation time, a third gas, Ar + 44 H, which is nonflammable but

represents a partial pressure of hydrogen in equilibrium with a signifi-

cant hydrogen content in Ti-6AI-4V (approximately 0.6 wt% at 6500C

(1200°F)), was added to the gas stream. Hydrogen and argon were then

shut off, and the outlet from the furnace was closed. A slight positive

pressure was maintained and specimens were allowed to equilibrate for

i h at temperature and then cooled slowly.

The hydrogen content of specimens was determined by weighing speci-

mens before and after hydrogenation to the nearest 0.1 ag. This method

o analysis was verified by vacuum flusion analysis on selected speci-

mens. After beilq analyzed for hydrogen, the samples were 'ealed in
I evacuated quartz tubes for subsequent iieat treatment. The encapsulated

i pectmens -were beta treatea rv, hearin6 g to 370°C (IbUO0°F) for u.5 n. The

16



specimens were then cransferred to furnaces at 660-7000 C (1220-L290 0 F)

tor eutaectcd decomposition and air cooled to room tempeRature lile

still sealed in the quartz tubes.

Afta heat treatment, the specimens were removed from the quartz

tubes and dehydrogenated in a vacuum furnace. The furnace ;as evacuated

to < 7 x 10- 3 Pa (5 x 10- 5 Torr) before heating began. No hydroe.aa

evolved below 500°C (93001). Above this temperature, hydrogen evolution

was usually at a rate that required by-pasaing the diffusion pump until

sufficient hydrogen had been removed Lo decrease the chamber prosure to

7 Pa (5 x 10-2 Torr). Dehydrogenacton continued until the chavf- r pres-

sure reached 7 x 10- 3 pa (5 x 10- 5 Tort). Vacuum fusion analysis of

selected samples indicated hydrogen concentrations were < 10 ppm.

Large-size panels were hydrovac processed by Oregon Metallurgical

Corporation. Ten 250 x 375 =n (10 x 15 in.) panels were suspended

vertically in a 500-rn (20 In.) diameter cylindrical furnace chamber

wtich has a hydrogen gas inl.et at the top and outlet at the bottom. A

charging time or 72 f at b5(oC (L2000F) yielded I wtZ nydrogen. 25 x

25-rn (I x I in.) tabs from two corners of each panel were aualyzed for

hydrogen content by measuring the change in weight of hydrogen-charged

samples and uncharged control samples upon vacuum annealing at 950 0 C

,17400P) for 7 h. All samples formed a slight oxide film during

annealing, which the uncharged samples demonstrated to cestat in i

weight Increase of approximately 0.08%. The weight changes of the

hydrided samplea were corrected for this slight increase from the oxide

films. Vacuum extraction meaaurements by the A1CAIR Process Control

Laboratory of vacuum-annealed hydrided samples showed that the annealing

reduces the hydrogen Aevel to less than 25 ppm. The results indicated

that larae panels can be char~ed with required amounts of hydrogen with

rmansonabla reproducibility. Appendix A describes further Che practical

aspects of hydrovac procsssiang on a production scale.

A key element In the hydrovac processing if large panels was the

selection of a suitable protective coating for hydro~enatad panels for

subsequent beta annealing and eutectoaid decomposition. The surface

ating as well as the beta-annealing temperature -as extramely impor-

17
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cant for maximizing hydrogen retention and minimizing oxygen pick-up

during hydrovac processing. Formkote TSO (9/M Lubricants Inc., P. o.

Box 2200, West Lafayette, M 47906), Deltaglaze 349M (Acheson Colloids

Co., P. U. Fox 288, Port Huron, MI), and the naturally occurring surface

oxide film were evaluated as protective coatings. Beta annealings were

performed at 310, 830, and 8700 C (1490, 1525, and 16000F) to determine

the effect of beta-annealing temperature on oxygen pick-up.

5. 41COSTUCTUPE ANU PROPERTY CHACTERIZATION OF RYDROVAC-PKOCESSED

ALLOYS

The microstructures of hydrovac-processed alloys were determined by

opt z.al metallography and scanning and transmission electron microscopy.

Tensile properties Qt 25-4820C (77-9009F),.creep properties at 350-6000C

k660-1110°F), and farigue properties at 25°C (770F) were determined.IDuplicate, rectangular, tension-tast specimens that comply with ASTM

Standard ES-78 were tested in the longitudinal orientation. Ti-6AI-4V

specimens were tested at room temperature, 2050C (4000 F), and 371 0C
(7000F), and Ti-6Al-ZSn-4Zr-2"o specimens were tested at room tempera-

ture, 315 0C (6000 F), and 4820C (9000F). All tensile tests were per-

formed under uniaxial tension at a constant strain-rate of 0.0001 s- 1.

The yield stress, ultimate tensLle stress, and total elongation were

determined. Creep tests were performed on duplicate specimens in the

longitudinal orientation from 350 to 6000C (660-111OF). At each test

temperature, five creep stresses were applied progressively to a single

specimen while the elongation was continuously monitored. The steady-

dtace creep rate (minimum creep rate) was calculated for each alloy/

temperature/strews combination. The stress and temperature dependences

of the steady-state creep rate were estaolished for each alloy studied.

Fatigue crack-growth raLes of the hydrovac-processed materials were

measured using standard compact-tension (CT) specimens oriented in the

lon6-transverse (TL) direction. Fatigue tests were performed with

constant-load-amplitude at room temperature in ambient air using an

automated, closed-loop, hydraulically-actuated test system. Specimen

design and test procedures conformed to ASTM Standard E647. An

electrical-potential method was used to monitor crack growth. This

18
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technique measures the average through-thickness crack length, and the

output from the pocentiometer can be used in the test-system control

loop when appropriate. On-tine data acquisition, processing, and stor-
age was performed with & dedicated PDP 11/04 minicomputer. Empirical

equations of Catiue crack-growth rate, da/dN, as a function of stress-

intensity-factor range, AK, were derived from the test results. The

fracture surfaces of the fatigue specimens were analyzed by SEM to char-

acterize pertinent metallurgical and muicrostructura features.

b. SUPE&PLASTIC efoM ILI.TY U4TlKhMDfl4IOe4

The superplastic formauility of the alloys was evaluated using the

cone-forming tester shown in Figure 12. The cone-forming tester enables

the cone depth and strain to be measured as the specimen is being super-

plsticially formed.

Thermocouple leads
Gas supply

Sample

Ceramic rod oo Lower ram

a" Heatng

'-. element

Furnace

- - Insulation

Gas supply Thermocouple
leads

Figue 12. Experimental arrangemen for laboratory cooe-forming tests.
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Applying the thin-membrane theory and assuminx that the bulge shape

is hemispherical until the sample contacts the die walls, the biaxial

stress is given by

xP
2"P (1)
2t

where t is tht membrane thickness, P is the applied pressure, and x is

tne radius of curvature of the membrane. The strain is given by

- ln(t/t ) (2)
0

where to is the initial thickness,, For a conical angle of 580, the

ratio of thickness to radius of curvature (t/x) is approximately con-

stant as the cone forms (Reference 1), and hence forming occurs at a

constant stress provided the pressure is maintained constant.

As explained in Appendix B, although the membrane thickness is small

relative to the radius of curvature, the biaxial stress varies by 6Z

across the thickness. Equation (1) yields the average biaxial stress

when the inner aewbrane radius is substituted for x. The strain-

recording linear variable differential transformer (LVDT) shown in

Figure 12 reeaaures the instantaneous strain rate as a function of time

at constant stress by means of the relation between strain and cone

depth given in Appendix d. Constant stress prevails only after the

sample contacts the die wall (e - 0.3 for the present geometry).

.s-received and hydrovac-processad alloys were cone farmed under

conditions denerally used far auperplastic forming in practice. Incre-

uental-strain-ratde, constant-itress, and constant-strai-rate tensile

tests (Reference 1U) aere performed to establisa the correspondence

between biaxLat cone-forTins tests and uniaxial tensile tests.
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7. SUPERPLASTIC FOKMIING AN4I UIFFUSION SONDING OF SPECIMENS CONTAINING

AND VO LVI14G L YOOGEN

The technical approach used for this task is outlined In Figure 11.
Alloys with hydrogen Qoacaatrat!ons of 0.01-0.1 wt% wer* investigaesd.

The coae-forming tester shown _. Figure 12 was used to hydrogenate the

sample in situ, Imediately heat it to the desired superplastic-forming

temperature, and perform the superplastic-forming operation.

In-situ hydrogen charging was accomplished by applying equal pres-

sures of a hydrogen-argon gas mixture to both sides of the sample disk.

The clampia# force on the disk was monitored and adjusted to permit con-

trolled amounts of gas to escape, thus ensuring a continually fresh

supply of hydrogen at each surface. Hydrogen charging was performed for

2 h at temperatures of 650-7600 C (1200-14000F) and at hydrogen partial

pressures of 400-4000 Pa (3-30 Torr). After hydrogen charging, the

hydrogen pressure was released from the conical-die side of the sample,

and the pressure on the other side was increased to the desired level

for forming. Internal hydrogen concentrations were determined by mea-

suring the change In weight of formed samples upon vacuum annealing at

950 0C (1740 0 F) for 4 h.

For investigating the effect of hydrogen evolution on formability,

specimens were charged with hydrogen in situ and formed in an inert

environment. The effect of internal hydrogen on diffusion bonding of

Ti-alloys was investigated by charging small panels to various amounts

of hydrogen, cutting the panels into 16 x 16 mm (0.6 x 0.6 in.) speci-

mens, mechanically polishing the specimen surfaces on 400 grit paper,

and diffusion bonding the specimens in a mixture of Ar with 4 wvt hydro-

gen 4t the desired temperature under an applied stress. Diffusion bond-

ing experiments vere performed In a vacuum/inert-gas chamber equipped

with a furnace and a press.

8. SUPERPLASTIC FORMING OF TiWOUGH-SHAPED SPECIMENS CONTAINING INTEKNAL

HYDROGEN

Using optimum superplascic forming parameters determined from cone

forming tests, large, 375 x 200 mm (15 x 8 in.) panels were in-situ
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charded and superpltsttcalLy formed into tough shapes usLng an kr -4-

5 wt' hydroSen jas mixture. Superplastic forming evaluation was

performed ust-ig the die configuration shown in Vi3ure 13. Upon

compl .ion of forming, the toughs were dehydrogenated, and specimens

were machined and tested for tensile properties.

1-mm di.m. 8 holes

-t -

I

312-

240

205 Dimensions are
in millimeters

54 Radius 2 -/

Figure 13. Trough-shaped die ued In &be superplastic forming of large panels.
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SECTION IV

KIC&OSTKUCTURES, K CH"ICAL PROPERTIES, AN SUPERPLAs'ric

FOMAILITY OF YDKOVAC-PROCESSU TITAiIUA ALLOYS

1. 6'et;CTS OF SUKYACE (.UATAGS ON hiYDKOGEN "TENTIUN AND OKYGLN PICK-UP

Lt-4 tKOVAC-PKOC.SSEI) Ti ALLOYS

A study was made of the effects of surface coatings on hydrogen

j jteation awd oxygen pick-up during hydrovac processing. Tables 2 and 3

list the retained hydrogen, cArbon, and oxygen concentrations of

hydrovac-processeod Ti-6Al-4V. Oxygen pick-up Is excessive in all but

the vacuum encapsulated specimens. A.1though Formkote and D2.taglaze

coatings are effective In retaining hydrogen, the specimens with these

coatings had oxygen concentrations in excess of the maximum allowed

under speocification 9046H. The results were surprising since previous

use of these coatings on uncharSed Ti-alloys annealed in air at teape' a-

tures up to 1000°r (1830 0 F) did not result in oxygen pick-up. Fiardness

values of uncharged Ti alloys coated with Formkote and Deltaglaze and

annealed at 8600C (15800F) for 0.5 h are listed in Table 4. The hard-

ness values are comparable to those of mill-processed, as-received Ti-

6AL-4V, and oxygen concentrations determined from the calibration curve

for hardness as a function of oxygen concentration shown in Figure 14

are well below the maxmu allowable limits.

TABLE 2
EFFECTS OF SURFACE COATINGS ON HYDROGEN RETENTION IN TI-6A-4V

CHARGED WITH HYDROGEN AT 6500C (12WF). ANNEALED AT 8700C (16000F) FOR
0.5h, AND COOLED TO 254C (776F)

Surface trmnt! 4 hydropan retained

Uncoated 79
Coated with Formkote T50 93

ItCoated with Deitaslaze 349 98
Vacuum encapsulated 100
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TABLE 3
CARBON AND OXYGEN CONCENTRATIONS OF SELECTED HYDROVAC-PROCESSD 

Ti4AI-4V SAMPLES

Beta anneuling Oxygen Carbon

coating temperature co. atration concentration10C (ON) (w1%)(w )

Formkote T50 870 (1600) 0.35
Formkote T30 870 (1600) 0.31 0.014
Formkote T50 810(1490) 0,19 0.0t3
Deltagiaze 349 870 (1600) 0.21
Deltaglaze 349 830(1526) 0.24
Uncoated 870 (1600) 0.28 -
Vacuum 870(1600) 0.14 0.017

encapsulated

Maximum allowable oxygen concentration ii Ti-6AI-4V and Ti-6A1-2Sn-4Zr-2Mo alloy
is 0.2 wt%.

TABLE 4
ROCKWELL C HARDNESS VALUES OF UNCHARGED Ti6AI.4V SAMPLES ANNEALED

AT S65kC FOR 0.5 h

Surface treatment Rockwell C hardness

Uncoated 35.5
Formkote TS0 33.2
Deltaglaze 349 35.3
Asareceived (unannealed) 35.2

These results clearly demonstrate that in the presence of hydrogen,

the coatings are ineffective barriers for oxygen diffusion into the

specimens. However, whereas the coatings readily permit oxygen pick-up,
they are effective in preventing hydrogen loss from the specimens. An
understanding of the synergistic effects on oxygen pick-up of hydrogen

and coating chemistry would require a detailed thermodynamic analysis

and a large number of well-controlled experiments, which were beyond the

scope of the present investigation. Reducing the beta-annealing temper-

ature from 870 0 C (1600 0F) to 8100 C (1490 0F) resulted in significant
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Figure 14. Effect of oxygen concenmndon on Rockwell C hardsm values for
-I hydrovc"rpceMud Ti-6AJ4V.

decrease in oxygen pick-up in TI-6A.1-4V coated with Formkoto T50 but did

not produce a significant decrease in oxygen pick-up in Deltaglaze-

coated Ti-6AI-4V.

The results snown in Table 3 indicate that vacuum encapsulation of

specimens is the best choice for heat creating hydrogen-mharged Ti

alloys. Whereas this technique Is well suited for small specimens, it

is not cost effective tor large panels. Tn the present investigation,

all specimens for microstructure and mechanical property determinations
were hydrovac processed using vacuum eacapsulation for preventing hydro-
gen loss. The results obtained from such specimens are discussed in

this section. Because Deltaglaze coating and Formkote coating combined

with lower beta-annealing temperatures resulted in oxygen concentrations

close to the specification limits, selected property measurements were

made on alloy specimens that were hydrovac-processed using these

coatings and lo er beta-anneali ng temperatures. These results are

presented In Appendix C.
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2. iICiUSTUCTUKES OF dYIDROVAC-PROCESSED Ti-6Al-4V AtD!

Ti- 6AI- 2Sn-44r-2b1o

Figures 15a-I5d are crausaission electron micrographs showing trans-

farmatiou products in TI-WAl-4V at various stages of hydrovac pro-

casin. The conventionally processed Ti-eAs1-4V thas a partially recy-

scalized alpha-ba microsmructura (Fiure Sa). ydrogenation ad

6650C (120of) with e.0 wt hydroen and andaTLH2 ht 870hC (1600pF)

produces a hydroen-saturat d tas phase. i ter quenchin of this beta
phase produces a martonsitic microstructure (Figure 15b). This marten-

sit, identified by selectd-area electron diffraction to b Qrthorhom-
bic aarttasite (a"), is significantly different from the hexagonal mar-

tensite observed in a + ft alloys quenched from the beta field. The mar-

tenshie plates are extedsively twinned and contain large densities of

dislocations. Upon annealn the alloy below 810 C (1490F), he

orthorhombic artensite transforms isothermally to a-Ti and Tcal; the

size and spacings of the decomposition products increasin with increase

transformation temperature. Transformation at 595C (11050F) results

in closely-spaced, fine, decomposition producs (Figure nlc). Upon de-
hydrogenation of the Alloy containing a-Ti and TiK2 the hydride phase

transfoms to + This troaiforiation is associated with the form-

tion of a high dislocation density in the alpha phase, as the conversion
of titanium hydride to a-Ti results in a = 17% volume change and concom-

miant high strains. The dehydrogenated alloy contains a partially

recovered dislocation substructure and low-angle boundaries (Figure
15d).

The effects of dehydrogenation temperature on substructure formation

in Ti-WA-4V-1.2 H alloy are shown in Figures 16a-16d. Dehydrogenation

at 6650C (12000F) results in partiall.y rucovered dislocation call struc-

ture, and the dislocation sub, taius coarsen with increasing dehydrogena-

tion temperature and times.

The effect of the dehydrogenation temperature on tensile propertiefs

was determined for equiaxed Ti-6A1-4V samples with the objective of

determiaing the dehydrogenation temperature that produces the best com-

bination of strength and ductility. The mechanical properties of

hydrovac-processed specimens dehydrogenated at 660 (1220) and 7000C
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(1260 0 F) and conventionally processed specimens are listed in Table 51

Both bets of samples show significant strength increases and ductility

losses. The hydrovac-processed specimens dehydrogenated at 6600C

(1220 0F) have the highest strength; however, in view of pioduction ted!-

perature uncertainties and the anticipated brittleness arising from

dehydrogenation temperatures of 660 0C (12000F) or less, 6750C (12450F)

was chosen for dehydrogenation.

Figures 17-19 are scanning electron micrographs of equiaxed-a

Ti-A1-4V, Widmanstatten Ti-bAI-4V, and Ti-6Al-2Sn-4Zr-2Ko showing the

microstructural refinement caused by hydrovac processing. The

equiaxed--a Ti-6A1-4V mtcrostructure without hydrovac (Figure 17a) has an
average grain diameter of 3 lm and is considerably refixed by hydrovac
processirg to an average grain diameter of 0.5 pm. The Widmanstitten

Ti-6A1-4V microstructure (Figure 18a) initial.ly has colonies of alpha-.

beta with each colony having a single alpha orientation. Hydrovac pro-

cessing results in considerable refinement of the alpha grains (Figure

18b). Figure 19a shows the fine, 2-4 pm equiaxed-alpha + beta micro-

structure of the duplex-annealed Ti-6Al-2Sn-4Zr-2Mo. Figure 19b shows

that hydrovac processing reduces the grain size to 0.5 pm. Figures 20a-

20c are higher magntfication scanning electron nicrographs of the three

hydrovac-processed alloys.

TABLE S
EFFECT OF DEHYDROGENATION TEMPERATURE ON MECHANICAL PROPERTIES

OF HYDROVAC-PROCESSED EQUIAXED-a TI-6AI-4V

Dehydrogenation 0.2% yield Ultimate Total

temperature stress tensile stress elongation
(c) IMPs (ksi)| IMPs (ksi)] (%)

700 1035(150) 1090(158) 8.3
700 1065 (154) 1095 (158) 7.2

660 1125 (163) 1155 (168) 4.3
660 1130(164) 1153 (168) 5.3

Before hydrovac processing(al 960 (139) 985 (143) 13.5

(a) Measurentents were made by the alloy supplier.
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FiCure 17. Scanning electrom micrographs of eqnlsied-vt T?14A14V (a) before asd M Sfter
bydrovac procea.

The crystallographic texture of the as-received and hydrovac-

processed alloys was characterized by determining by x-ray pole-figure

goniometry the basal and prism pole distributions. Equiaxed-z Ti-6A1-4V

has a moderate degree of texture (texture sharpness of 7) with the basal

poles of strong texture components tilted 25-400 from the sheet norm'l

(Figure 21a). The hydrovac-processed alloy has the same moderate degree

of texture with no tilting of the basal poles from the sheet normal

(Figure 21c). The texture of Ti-6Al-2Sn-4Zr-2Mo (Figure 22) consists of

one component with the 100011 direction tilted towards the transverse

direction from the rolling plane normal by - 60 0 and another component

with the basal pole tilted towards the rolling direction from the sheet

noml y 3
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1O ;Lm

Figure 19. Scamolg dectrom mlcrogrpph of duplei..umuulml TI4AI-28-4Zr-2Mo (a) before sad
(b) after hydrovac processing.
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3. TENSIL6e AND CKEEiP PROPLKT16S OF aYUKOVAC-PROCESSEU Ti-6A1-4V AND

Ti-6Al- 2Sn-4 Zr- 2Mo

Tensile and creep properties were determined for hydrovac-processed

Ti-alloys using vacuum encapsulation for beta annealing and eutectoid

transformation.

The mechlanical properties of the as-received an,,4 hydrovac-processed

alloys are listed in Tables 6 and 7. Hydrovac-processed Ti-6A1-2Sn-4Zr-

2Mo was brittle at 250C and fractured~ with negligible elongation. The

optimum dehydrogenation temperature for hydrovac processing Ti-6A1-21Sn-

4Z1r-2Xo is slightly higher than that for Ti-6A1-4V. Figures 23-26 comn-

pare the temperature dependence of yield stress and ultimate tensile

stress of as-received and hydrovac-processed samples. In general,

TABLE 6
TENSILE PROPERTIES OF AS-RECEIVED ALLOYS

Temperature 0.291 yield Ultimate Total
AlyJC(F]stress tensile stress elongation
Ally 1C (F~j IMPa W0si1 IMPs (ksi)] (MI)

959 (139P() 985 (143)(a) 13.5(a)
21 (70) 961(139) 1000 (145) 12.8

964(140) 1009(146) 11.4

Equiaxed-ca 205 (400) 717 (104) 816 (118) 11.8
Ti-6A14Nf 732(106) 822 (119) 9.4

371 (700) 636 (92) 753 (109) 7.

645 (93) 737 (107) 7.4

21 (70) 849 (123) 956 (139) 8.6
849(123) 956 (139) 8.2

Widmanstitten 205 (400) 616 (89) 745 (108) 8.7
Ti-6A-4V 658 (95) 763 (111) 7.8

506 (73) 622 (90) 7.7
371 (700) 544 (79) 641 (93) 8.6

550 (80) 633 (92) 7.8

924 (134)(0) 1048 (152)(a) 13.(a)3
21 (70) 936 (136) 1016 (147) 12.4

936 (136) 1017(148) 12.6

Duplex-annealed 315 (600) 645 (93) 824 (119) 11.2
Ti-6A1-2Sn-4Zr-2Mo 618 (90) 815 (118) 9.4

482(900) 589 (85) 774(112) 14.0
622(90) 779(113) 16.0

(a) Measurements were made by the alloy supplier.
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TABLE 7
TENSILE PROPERTIES OF HYDROVAC-PROCESSED ALLOYS

Temperature 0.201 yield Ultimate Total
Alloy [QC (OF)i stress tensile stress elonption

IMP& (ksi)J [MPa (ksi)i (47)

21(70) 1065 (155) 1105 (161) 14.0
1060(154) 1110(161) 8.4

Equiaxed-a 205(400) 825(119) 935 (135) 14.9
Ti-6A.-4V 835 (121) 920 (133) 15.6

371 (700) 705 (102) 835 (121) 8.7
770(111) 865(125) 12.7

21(70) - 1140 (165) -
- 1020(147) -

Duplex-annealed 315 (600) 940 (136) 1025 (149) 9.0
Ti-6A1-2Sn-4Zr-2Mo 935 (135) 1035 (150) 10.8

482(900) 790(115) 935 (136) 14.2

1100

-150

1 0 0 0 -

C 900o 130

- 120

\- 110

700 ,,,,- 1

100

-90
600 H80

500 I I I
0 100 200 300 400 500

Temperature (°C)

Figure 23. Effect of temperature on the 0.2% yield stress of (o) as-received and (A) hydrovac.
processed equiaxed-a TI.6AI-4V.
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Figure 24. Effect of temperature on the 0.20 yield stress of (o) as-received and (") hydrovac-
processed duplex-annesled Ti-6AI.2Sn-4Zr-2Mo.

hydrovac processing increases the strengths by a 100 MPa (15 ksi) for

Ti-6A1-4V and by nearly 20C MPa (29 ksi) for Ti-6A1-2Sn-4Zr-2Mo with no

loss in ductility. The strength increments are produced by fine sub-

grain structure.

Figures 27 and 28 show the stress dependences of steady-state creep

rates of conventionally-processed and hydrovac-processed Ti-6AI-4V and

Ti-6Ai-2Sn-4Zr-2Mo. Hydrovac processing reduces the creep rates by

approximately an order-of-magnitude at 600 0C (111U0F) and 520°C (970 0 F)

and more than an order-of-magnitude at 435 0C (815 0 F) and 3500 C (b60 0F).
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Figure 27. Stress dependence ot steady-state creep rate for equlaxed-a TI-6A.4V In as-received
condition (open symbols) and hydrovac condition (closed symbols) at
(A, & )6000C. o, e) 520*C, (a , a) 43S*C, and (v, v )350C.

4. SUPERPLSTIC F'oMING AND DIFFUSION BONDING OF HYDKOVAC-PROCESSED

Ti ALLOYS

The superplastic-forming and diffusion-bonding tests were conducted

on Ti-6AI-4V and Ti-6Al-2Sn-4Zr-2Mo alloys hydrovac ?rocessed at 0rgon

Retallurgical Corporation using Formkote T50 coating and 810 0C (14900 F)

beta annealing. The microstructural refinements produced by this pro-

cessing were similar to those produced by hydrovac processing of vacuum

encapsulated and d70°C (160°F) beta-annealed specimens. Oxygen

concentrations in the alloys were - 0.19 wt%, close to the specification

limit of 0.2 wt%.
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Figure 28. Stress dependence of steady-state creep rate for duplex-annealed I i-6Ai-2Sn-4Zr-2Mo
in as-received condition (open symbols) and hydrovac condition (closed symbols) at
(", •) 6000C. (o,.) 520 0C, ( ci, m ) 435 0C and (v , v ) 350 0C.

Conventionally-processed and hydrovac-processed alloys were stuper-

plastically formed using the cone-forming tester described in Section

llI.6. The matrix of test condizcins used in :his part of the study is

5hown in Table 8.

Figure 29 shows examples of equiaxed-a li-6A.I-4V samples superlas-

tically formed at 900 0C (1650 0 F) at stresses of 3.2-18.8 MPa (0.47-2.72

ksi). Figure 30 shows cross sectior, of :he equiaxed-a Ti-6A1-4V cones

und a Widmanstatten Ti-6AI-4V cone formed at 900 0C (1650 0F) and 18.8 MPa

(2.72 ksi). The equiaxed-a Ti-CAI-4V cones show uniform straining. The

Widmanstatten aJloy, which lhar poor SPF properties, has extensive non-

uniform thinning.
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TABLE S
MATRIX OF SUPERPLASTIC-FORMING TESTS

Sqress Temperature (0C
IMPa (kuisl 900 830 80 780 760 720

18.8 af,W,D a,W,D a a O a
(2.72) aH aiH,WH,DH afH aH CiH aH
9.7 U a,D---

(1.40) aH aHI

(0.95)
3.2 a --

(0.47)

a - Equiaxed-ci Ti-6A-4V
W - Widmanstatten Ti-6A-4V
D - Duplex-annealed Ti-6A1-2Sn-4Zr-2Mo

tH- Hydrovac equiaxed-ci Ti-6A-4V
WH -Hydrovac Widmanst~tten Ti-6A-4V
DH - Hydrovac duplex-annealed Ti-6A1-2Sn-4Zr-2Mo

Figure 29. TI-6AI-4V cones formed Pt 900*C and at
various Pressure.--



((b)

Figure 30. Photographs of cros sections of cons supwplasticully formed at 900 0C- is) TI-6A1-4V
at 3.2 MIPs (0.47 ksi). (b) T.6A1-4V M' 6.6 Wea (0.95 ksu) 9 (c) Tl.6A1.4V at 9.7 WeP
(1.40 kul), (4) TI-6A1-4V at 18.8 NIP* (2.72 ksl), and ke) Widmanstitten 1I45AI-4V
at 18.1 Ml's (2.72 ksi).
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Fidure 31 compares che superplastic forming strain rates of conven-

tioaally-processed and hydrovac-processed equiaxcea-a TII-6A1-4V. Th-i

ftydrovac-processed Ti-bAJ -4V has slightly superior superplastic forma-

bility properties above 6000C (14700F). Tne raicros' ructires of te

farmed cones shown in Figure 32 indicate that above 8000C (14700F),

;rain growth in hydrovac-processed alloys is identical to that in the

as-received alloys, and below 8000C (1470 0F), the grain size Is con-

siderably smaaller and grain growth is slower in hydrovac-processed

alloys than in as-received Ti-6AIl-4V. However, because grain-boundary

sliding and diffusion processes conducive to SPF are less dominant below

dUOC (1470 0F), the fine-grain muicrostructure of hydrovac-processed

Ti-bAl1-4V does not improve the superplasticity below 80000 (1470 F). [

The slightly higher strain rate in hydrovac-processed Ti-bAIl-4V above
~U0C(1 O0F) results from a higher amount of beta phase.

2.0 I

1.6

0.8

0,6

0.4 Tm )~~..ogeCh)*

0 2500 5030 10 00 500 5 000

Figure 31. Time dependence of strain~ rate of equia~Ied-a TI-6A,14V superpisticalIy formed at



TI4MA-4v Hydrovac TI4AI-4V

ii

(C)

Li

Figure 32. Macr~struclure of equdaz4du TI4AI-4 an# W,'drovt 'proceus equim4-a
TI-GAIV OWte com. forulug at (a) 7201C, Mb -.40C. (c) 7WC. (4) M*C,
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Flaure 32. Coschiud.
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dydrovac processing flas no beneficial effect on the superplasticity

at 830 0 C (1525 0 f) of 'Admenstatten Ti-6A1-4V (Figure 33) and Ti-6AI-2Sn-

4Zr-2Mo (Figure 34); the strain rates are too low for practical

applications.

To simulate the effect of diffusion bonding preceding superplastic

forming, equiaxed-a Ti-6A1-4V and hydrovac-processed Ti-6AI-4V were

superplastically formed after exposure to 9000 C (1650 0F) for 4 h. The

results, shown in Figure 35, indicate that the grain growth occurring

during the soak time decreases the superplastic strain rates by the same

amount for each alloy. The increase in strain ra.es for strains > I for

the heat-treated alloys is attributed to thin-out, which does not occur

in cones formed with no prior hert-treatment. The thin-out is caused by

grain growth occurring during the 9000 C (16500 F) anneal.

1.8

1.6

1.4

1.2

"1.0U

O0 0.8

0.6-

0.4-

0.2 --

0 0 2500 5000 7500 10000 12 500

Time (s)

Figure 33. Time dependence of strain of ( e ) Widmanstitten and ( o ) hydrovec-processed
Widmanstitten TI-6AI-4V superplmutically formed at 830*C and 18.8 MP& (2.72 ksi).

47



2.0

1.8

1.6

1.4

3.2

i -

0.8

0.6

0.4

0.2

0 2500 5000 7500 10 000 12 500 15 000
Time (s)

Figure 34. Time dependence of strain of (e) duplex-annealed and ( o) hydrovKa-processed
TI-6AI-2Sn-4Zr-ZMo superplastically formed at 830*C and 18.8 MPa (2.72 ksi).

Figures 36 dnd 37 are optical photomicrographs of interface regions

of specimens diffusion-bonded at 1.0 MPa (150 psi) for 3 h at 850oC

(1560 0 F) and at 1.3 MPa (200 psi) for 3 h at 90 0 oC (1650
0 F). The as-

received and hydrovac-processed equiaxed-c" Ti-6Al-4V exhibit better

bonding than the other alloys.

The effects on pore closure and grain growth of post-bonding heat

treatments were determined by annealing at 9000C (16500F) for 5 h the

specimens that were diffusion-bonded at 850 and 9000C (1560 and 16500F).

The bonding of all alloys is improved by post-bonding heat treatment

(Figures 38 and 39), although the post-bonding heat treatment does not

result in closure of large pores formed due to high surface roughness of

hydrovac-processed specimens.

48



20

2"01" IA, I I I

1.8

i.6

1.4

1.2I .S 1.0

0.8

0.6 -

0.4

0.2

0o 1 I I I

0 2500 5000 7500 10000 12 500 15 000
Time (s)

Figure 35. Time dependence of strain of (o o ) equiaxed-a TI-6AI.4V and (4, £ ) equiaxed-a
hydrovac-processed T-6AI-4V superplastlcally formed at 9001C and 18.8 MPa (2.72
ksi) with no pretheat-treatment (open symDois) and with a 9W00C, 4 h, preheat-
treatment (closed symbols).

The effect of surface roughness on bondability was also examined.

Figures 40 arl 41 are optical micrographs of the interface regions of

specimens diffusion-bonded at 2.0 KFa (300 psi) for 3 h at 900'C

(Io50F). The hydrovac-processed equiaxed-a Ti-6AI-4V had inferior

bonding properties than the as-received alloy; this result is due

entirely to surface roughness since the interface whose surface was

polished (Figre 40c) bonded as well as the as-received alloy (Figure

4oa). The Ti-bAl-2Sn-4Zr-2tto alloy did not bond well. Hydrovac pro-

cessing has no significant effect on the diffusion bondability of the

alloys.
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Figure 36. Photomicrographs of interface regions of specimens diffusion-bonded for 3 h at

80 0C sod 1.0 MW. (150 psi); (a) equiaxed-a TI-6AI-4V, (b) hydrovac.processed

Ti-6A1-4V, and (c) duplex-annealed TI-6A1.'Sn-4Zr-2Mo.
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Figure 37. Photomicrographs of interface regions of spcclmens diffusion-bonded for 3 It at
9000C and 1.3 *MPa (200 pi); (a) equiaxed-a Ti.WA-4V. (b) hydrovac-processed
TI-6A1-4V, (c) duplex-annemled TI46AI-2Sn.4Zr42Mo, and (dt) hydrovac- processed
Ti-6A1-2Sn-4Zr.2Mo.
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Figure 38. Photomicrographs of Interface regions of specimens diffusion-bonded for 3 h ait
B50 0C and 1.0 NIP* (150 psi) and annealed at 9000C for 5 h; (a) equiaxed-d
Ti-6A1-4V, (b) hydrovac-processed TI-6A1-4V, (c) duplex-annealed Tl46AI.2Sthi4r.l2Io,
and (d) hydrovac-processed Ti-6AI-2Sn-4Zr-2Mo.
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Figure 39. pbotomicrogrzphs of lutertace regions ot specimaens dlffuslue-bouded for 3 b at

900*C and 1.3 MP& (200 psi) and aueald at "OOC for S b; (a) equiazed-a
TI-6A1-4V, (b hydrovac-proceined T".A1-4V, (c) dupplex-auseaWe Ti46AI-2Su.4Za4Mto,
and (d hydrovac-proceuacd TI-4M.2Sm.4Zr-2Mo.
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Figure 40. Photomlcrographs of Interface regions of specimens diffusion-bonded for 3 b at
900*C and 2.0 MPa (300 psi); (a) equimxed- Ti.6AI-4V, (b) hydrovac-processed
TI4AI-4V, and (c) polished, hydrovac-processed TI-6AI-4V.
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Figure 41. Photomir rolirphs of Interface regions of specimens diffusion-bonded for 3 h at
900C and 2.0 MIs (300 pal); (a) duplex-annealed TI-6A1-2Su-4Zr-2Mo, (b) polished,
duplex-annealed TI-6A1-2Sn-4Zr-2Mo, and (c) polished, bydrovec-processed
TI-6AI-2Sn-4Zr-2Mo.



SECTION V

SUPERPLkSTIC FOM ING ANJ L)IFFUSION BONDING OF Ti-ALLOYS

CONTAINING INTERNAL HYDROGEN

1. EFF6CTS OF INTERNAL HYDUOGEN ON SPF/D8 OF TITAN4IUM ALLOYS

The instrumented cone-fozming test apparatus shown in Figure 12 was

used to charge the specimens with hydrogen and determine the SPF pioper-

ties of samples at differeat forming parameters.

In-situ hydrogen charging for cone-forming tests was accomplished hy

applying equal pressures of argon with 1-4 vo.% hydrogen to both sides

of the sample disk. The clamping force on the di'k was monitored and

adjusted t3 permit controlled amounts of gbs to escape and thus ensure a

fresh supply of hydrogen at each surface. Generally, the desired hydro-

gen concentration was obtained by heating at 7600C (1400 0F) for 2.5 h at

tne appropriate hydrogen partial pressure [400-4000 Pa (3-30 Torr)].

For samples focmed at temperatures less than 7600 C \14OO0 F), charging

was dcne at uhe test temperadure, and the hydrogen partial pressure was

changed accordingly. For tests where internal hydrogen -,as maintained,

the pressure was released from one side cf the sample, and the pressure

on the other side was increased to the desired level for forming. The

superplascic forming test then progressed as for uncharged apecimens.

Internal hydrogen ccncentrations were determined by measuring the change

in weight of sectious-of formed samples upon vacuum annealing at 9500 C

(1740 0 F) for 4 h. Typical micrographs (Figure 42) of cross sections of

4jater-quenched samples shu, the hydrides to be uniformly distributed

throughout the bulk, thus indicating that Lhe inner and outer surfaces

of the cones have the same hydrogen concentrations.

Photographs of cross sections of cones formed for 2 h at 7600C

(1400°F) shown in Figure 43 illustrate the dramatic improvement in

forming caused by 0.11 wt% hydrogen. The time dependences of superplas-

tic strain rates of equiaxed-a Ti-6A1-4V containing different amounts of

hydrogen and tested at 860, 800, and 760 0C (1580, 1470, and 14000 F) are

shown in Figures 44-46 respectively. At 860 0C (1580 0 F), samples con-

taiing less than 0.38 wt% hydrogen formed at a faster rate than the as-

received alloy. Similarly, at 8000 C (147 0°F), samples containing less
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Figure 42. Cross sections of equiaxed-a TI-6Ai-4V cones containing (a) 0.34 and (b) 0.39 wt47o
hydrogen and superplastically formed at 800*C and 18.S MP* (2.72 ksl).

t Figure 43. Cross sections of equiaxed-a Ti-6AI-4V cones superpiastically formed at 760*C and
18.3 MWa (2.72 ksi) for 2 h (a) uncharged and (b) charged to 0.11 wt% hydrogen.
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Figure 44. F.!ect of internal hydrogen of Supew plastic formine of equiaxed-a Ti-6A,-.V it 8&O0 C
rnd 13.8 Mft (2.72 ksi).

cnan u.o6 wt- hydrogen formed at fasc¢er rf.tes than Azreceived water-

ials. At 7biOC. (j(, samplea containing hydrogen conz'eaz;ecior.p: jl
V.Ii Co U.4 wt formeau faster t.lkr, ciie as-rcceived material. Ac the

th'se remperatu,'es, w all amounts ot hydz')gen ('z3-.,.a.Ly< fLt wt,/,)

result in th-2 be3t for'.ne prop2rties.

Figure 47 shows t'it modificati n. in iicros rictires and s+ipeplastic

strain rates effectei by hydrogen add tions at 720-900'C (i 3G-1e5 0°).

The number associated with each datc point rettr6 to the ratio of thi

strai4n rate at that coqcentration aid tenperature div-.dee by the s"r-in

rate of an as-received sampie at the saive temperature. Strain rates

weru deter-irted irom the slope of the strair/time plots by neglec:"rtd

the initia[ L'apid strain-rate tegion (whire stresses xce highr be(..ause

the sample has not yee tuade tangential :ontact with l e die) and ir-y
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Figare 4S. Effect of inceuil hydrage on sUperplasc foruiel of equlaxed-a
1-A1-4V at 3O@C and 18.8 MP* '2.72 ksi).

terminal increase In itrain rar,- caed by tbin-out of the sample.

3amples In reion A wer; iorm*Ad in .he al~h; -beta tegion, while region B

is the beta region. .,icrostrucvtres of samples fo'med in region C are

rhosi cf euter.Loid decompositiona product3.

The resulcs -)f Figures 44-46 can be explained using the diagram of

Figure 47. All hydrogen-charged samples at 860 0C (1580 0 F) (Figure 44)

have a beta icroscructure duriag forming and failed at small strains

(< 1.4), whereas the uncharged alpha-beta sample attained much largerr crains. Samples barely in the beta region (0.23 - 0.38 wtZ H2 ) formed

at a faster race because of the lower flow stress of 0 phase and slower
grain growth, but samples of higher hydrogen content formed slower

because of excessive grain growth of the single phase relative to grain

growth in a + 0 phase field. Similarly at 8000 C (1470 0 F) (Figure 45),

59I



2.0

1.8 wt% H 
v 0.49
o 0.30

1.6 00.16
A 0.11

1.4 - 0.00

1.2

'S 1.0

C7

0.8 -

0.6

0.4

k 0.2

0 5000 1O0000 150000

Time (s)

Figure 46. Effect of internal hydrogen on superplastic forming of equiazed-a
TI-6Ai-4V at 7600C and 1.8 MPa (2.72 ki).

samples containing 0.07 and 0.24 wt% H formed faster with the latter

sample failing at a lower strain because of its beta microstructure.

Samples having greater amounts of hydrogen formed at slower rates

because of the resistance to sliding of the larger grains. At 760°C

(14000r), hydrogen provides improvements, with the improvements being

less when samples are our. of the alpha-beta region.

The improvement in forming that can be obtained through hydrogen

additions is depicted in Figure 48, which shows the forming time

required to obtain a true strain of 1.25 for various temperature/

hIydrogen-concentration combinations. For example, an uncharged sample

must be formed at 870 0C (1600 0F) to reach a strain of 1.25 in 30 rin,

while samples containing 0.2 wt% hydrogen will achieve the same strain

in 30 min at 820 0C (15100F).
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Figure 48. Forming time required to achieve a true strain of 1.25 in equiaxed-a TI-6A-4V for
temperature/ hydrogen-concentration combinations.

The time dependence of superplastic strain rates of Ti-6Al-2Sn-4Zr-

2ro containing different amounts of hydrogen and tested at 900, 830, and

800 0 (1650, 1525, and 1470 0F) are shown in Figures 49-51, respectively.

Improvements are more dramatic than for Ti-6A1-4V. For instance, at the

lower temperature of 8000C (1470 0 F), strains that could not be

approached for uncharged samples are easily achievable for low amounts

of hydrogen. Figure 52 illustrates this improvement in formability. At

63U 0 C (1525 0 F), the uncharged Ti-6A1-2Sn-4Zr-2Mo is not sufficiently

formaole for any practical applications, but the addition of 0.14 wt%

hydrogen permits strains of 2 to be obtained in less than 2 h. Figure

53 summarizes the modifications in microstructures and SPF strain rates

effected by hydroSen additions for Ti-6A1-2Sn-4Zr-2Mo. At 3300 C

(15250 F), for example, hydrogen concentrations of 0.06 and 0.14 wt%

cause larde increases in strain rate. The photomicrographs show the

microstructure Lo be alpha-beta with little change in grain size but

with a large increase in volume fraction of the beta phase, as expected

from cne decrease in the beta transus temperature. The sample contain-
inS 0.41 wt' hydrogen is all beta phase; however, the grain size is muzh

larger, thus causing an overall decrease in strain rate. The dotted

line in Figure 53 separates the alpha-beta (A) from the beta (B)

regions.
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Figure 49. Effect of internsi hydrogn on saperpastc forming of dupiex-amemled Ti-6AI-2Sn.
4Zr-2Mo at W0C and 18.8 MPa (2.72 ksO.

The beneficial effects of hydrogen additions on the superplastic

deformation of titanium alloys arise from the production of

superplastic-favorable alpha-beta proportions at lower temperatures by

lowering the beta transus temperature. The beneficial effects on hot

workability of lowering the beta transus temperature in hydrogen-

modified titanium alloys were previously identified by 3irla and DePeire

(&eference 6), who demonstrated a 30-50Z reduction in flow stress during

isothermal forging at 730 0 C (13450 F) of Ti-6Al-2Sn-4Zr-2Mo-O.41.

To model :he high-temperature deformation of a two-phase alloy in

tarms of properties of the individual phases, the -rule of mixtures given

by the following equations is used (References Ui and 12):
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Figure S0. Effect of internal hydrogen on superplusle forming of duplex-annealed TI-6AI.2Sn-
4Zr-2Mo at L30*C and 18.8 MPa (2,72 si).

S-SV + S V (3)

for isostress conditions, and

C - v + -C V (4)

for isostrain conditions, where S and e are the overall flow stress and

,train ot the two piaase alloys, V and V are the volume fractions of

alpna and beta phases, Sa and S are tne flow stresses of alpha and beta

phases, and c and E are the strains in alpha and beta phases. For a

rigorous analysis of the superplastic behavior of two-phase Ti alloys in
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Fliure St. Effect of internal hydrogen on superplastic formingl of duplex-annealed
Ti-6AI-2Sn-4Zr-2Mo at 8000C and 18.8 MPa (2.'72 ksi).

(a) (b)

Figure S2. Cross sections of duplex-annealed TI-6AI-2Sn-4Zr-2Mo cones superplastically formed
at 830VC and 18.8 MPs (2.72 ksi) for 2 h (a) uncharg d and (b) charged to 0.11 wt%
hydrolgen.
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Figure 53. Effect of hydrogen concentration on the superplastIC forming Properties of duplex-

annealed Ti.6A1.2Sn-4Zr.2M0 at various temperAtures. The number associated with

each data point is the ratio of the strain rate at that hydrogen conceistrition divided

bthe strain rate of the uncharged sample at that temperature. Also shown am,

microstructures of selected formed parts.
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terms of Equations (3) and (4), the constitutive equationi relaLing the

alloys cumposicion, grain 4ize, and texture to the temperature, strain,

and itrain-rate dependence of flow stress must be kr.own. The continuoun

changes in the alloy microstructure and phase composition with tempera-

ture and tize should be given proper coasideration in obtaining the coa-

stitutive equations. Because such detailed constitutive equations are

not available, the observed effects of hydrogen additions will be quali-

tatively rationalized on the basis of the experimentally determined

relation between metallurgical aad process parameters for two-phase

titanium alloys (References I and 13).

The increase in superplastic strain rate with increasing volume

fraction of beta phase observed it the present investigation agrees dith

that predicted from Figure 8 when necessary corrections are made for the

r mperature offects ou superplasaic strain rates. At coastant grain

Size and applied stress, the strain rate Increases with Increasing

amounts of beta phase. Because diffusion processes are dominant in

superplascic deformation, Increasing amounts of beta phase result in an

increased superplastic strain rate because of higher diffusivities in

the beta phase (References 14 and 15). At high hydrogen concentrations

where the alloy is siagle-phase beta, although diffusivities are ccn-

siderably higher, the strain rates are not correspondingly higher be-

cause of extensive grain Zrowth. Thus, a large amount of beta phase is

required for higher strains, and a two-phasa microsructure is required

for obtaining stable, fine-grain aicrostructures. Thus, although the

alloys P and Q in Figure 47 have higher initial strain rates, grain

growth is rapid and failure occurs at small straias because these alloys

are single phase (Figures 43 and 44).

The effect of hydroSen charaing on the superplascicity of hydrovac-

processed equiaxed-a Ti-6A1-4V was investigated. Figure 54 compares the

forming rates of uncharded Ti-6AI-4V with hydrovac-processed Ti-6A1-4V

and as-received Ti-6A.1-4V specimens exposed to the same temperatures and

times used in hydrogen chargiag. The properties of the hydrovac-

processed T.-6A,1-4V are improved upon hydrogen additions, although to a

.lesser extent than in the hydrogen-charged, equiaxed-a Ti-6A.1-4V.
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Fgure $4. Time dependence of strain of ( o) equiaxed-a Ti-6AI-4V, () bydrogeu-chared
T66AI-4V. and (c) hydrogen-cbared, hydrovac.processed TI-6AI-4V superplasticadiy
formed at 7600C and 18.8 MPa (2.72 ksi).

The feaibility of improving diffusion bonding of Ti-alloys by

hydrogen additions was investigated. 16 mm x 16 m (0.6 x 0.6 in.)

specimens charged with 0.06-0.9 wt% hydrogen were used. The diffusion-

bonding procedure consisted of flushing the bonding chamber twice with

the Ar + 4 wt% H,) -as mixture, evacuating the chamber with no applied

load on the samples to avoid entrapped gas, applying a load of 1.9 MPa

(275 psi), heating to 450 0C (840 0F) in vacuum to degas the system while

keeping the hydrogen in solution, bleeding in the Ar + 4 wt% H2 gas

mixture to atmospheric prassure, and heating to the bonding temperature

which was maintained for 3.5 h.

The samples to be bonded were placed on top of each other, with each

pair separated by a sheet of Mo to prevent diffusion from sample to

68
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3ample. 105 Pa (760 Torr) of Ar + 4 wt H is in equilibrium with 0.29

wt% R, in the sample. ience it is expected that samples initially

containing less than 0.29% HZ will pick-up hydrogen during the bonding,

while samples initially containing > 0.29% H2 will lose some hydrogen.

Table 9 shows that the changes in hydrogen concentration occurring

dur.iag boneing for two typical bonding tests are nagligible, and that

the desired hydrogen levels are aaiatained during bonding.

TABLE 9
CHANGES IN INTERNAL HYDROGEN CONCENTRATIONS

RESULTING FROM DIFFUSION BONDING TESTS

Aloy-bondiq Initiai H 2  Post-boaing H 2
tamspersum Iesm level

(C) (w074) (wtqo)
Eqiie- 0 0.04
Ti-6AI-4V 0.17 0.13
8000C 0.31 0.31

0.90 0.77

Duphx-anneaied 0 0.03
Ti-6AI-2Sn-4Zr-2Mo 0.06 0.07
8600 C 0.15 0.24

0.25 0.23

Figure 55 indicates the effect of internal hydrogen on bondability

oZ Ti-6Ai-2Sn-4Zr-2Mo and equiaxed-n Ti-6AI-4V at various temperatures

when a load of 1.9 aPa (275 psi) is applied for 3.5 h and hydrogen is

maintained in solution. No noticeable improvement was observed.

2. EF'FCTS OF kYDeLOGEN EVOLUTION ON SPF/DB OF TITANIUMI ALLOYS

To investigate the possibility of utilizing the high density of lat-

tice defects generated during hydrogen evolution for increasing super-

plastic forming rates, samples were charged with hydrogen and then

superplastically formed as hydrogen evolved.
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Figure 55. Percentage of bonded interface when (a) duplex-annealed TI-6Al-2Sv-4Zr-2Mo and
(b) equiaxed-a TI-6Ai.4V are exposed to a pressure of 1.9 MPa (275 psi) for 3.5 h
and hydrogen is maintained in solution.

Samples of Ti-6AI-4V and Ti-6Al-2Sn-4Zr-2Mo were charged to 0.45 wt%

hydrogen and then heated in a mechanically pumped chamber at 8000 C

(14700 F) for 2 h. The final hydrogen level was determined to be < 0.05

t'% H2 , indicating that essentially all hydrogen evolved during the

anneal. For cone-forming tests, samples were charged as described

earlier and formed using a pure argon supply rather than the hydrogen-

acgon charging mixture to pressurize one side of the sample while evacu-

ating the die side of the sample with a mechanical pump.

An equiaxed-a Ti-6AI-4V sample was charged to 0.15 wt% H2 and then

formed as internal hydrogen was allowed to evolve. The formed part had

a hydrogen concentration of 0.05 wt%, which indicates that 0.10 wt%

hydrogen evolved during forming. The forming rates of this sample are

compared with those of other samples charged to various amounts of

hydrogen in Figure 56. The formability of the sample evolving hydrogen
is better than that of the uncharged specimen; however, the samples con-

taning hydrogen have higher superplastic strain rates than the sample

evolving hydrogen.
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Figure 56. Effect of internal-hydrogen evolution on superplastic forming
of equiaxed-a TI-6AI-4V at 7600C and 18.8 MPa (2.72 ksi)

The effect of hydrogen evolution on bondability was invescigated for

two different situations: 1) hydrogen allowed to evolve while the

samples are leated to the oonding temperature, and 2) hydrogen main-

tained in the sample until the bonding temperature is reached and then

allowed to evolve. In botn conditions, the sample preparation and ini-

tial bonding procedures were the same as those used in tests in which

hydrogen was maintained in the sample during bonding. Hydrogen analysis

of the bonded specimens revealed that complete hydrogen evolution

occurred during the bonding operations.

iigures 57 and 56 indicate the effects of hydrogen evoluton prior to

bonding anid during bonding, respectively. Neither procedure improves

the bondability of the alloy.
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Figure 57. Percentage of bonded interface when (a) duplex-annealed TI-6AI-2Sn-4Zr.2Mo and
(b) equiaxed.c TI.6A1-4V are exposed to a pressure of 1.9 MPa (275 psi) for 3.5 h
and hydrogen is allowed to evolve as samples are heated to bonding temperatures.

(a)

850 1 I
25

830 2- 050 0 50

810 010 040 0
10
lO., 2 20 o-i790
2 0 o 50

'7 0 0 2 o25

(b)
2 850 _ I

830 0f 098

810 o10O--

0 50 080 o95
770 0 095

750 1 90
0 0.2 0.4 0.6 0.8 1.0

Internal-hydrogen concentration (wt%)

Figure 58. Percentage of bonded Interface when (a) duplex-annealed TI-6AI-2Sn.4Zr-IMo and
(b equiaxed-ci TI-6AI-4V are exposed to a presure of 1.9 MPa (275 psi) for 3.5 h
and hydrogen is maintained In solution until the bonding temperature is reached and
then allowed to evolve.
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SECTION VI

PROPERTIES OF SUPER?.LASTICALLY FORMED Ti-ALLOY TROUGHS

Panels of TI-6A.1-4V and Ti-6A1.-2Sn-4Zr-2Mo '400 x 400 m (16 x 16

in.)] were hydrogen charged in-situ and superplastically formed into

trough-shaped dies. Initially, equiaxed-a Ti-6AI-4V samples were

charged with hydrogen usind the conditions determined from the cone-

forming tests. The samples were formed under constant pressure, and the

preliminary tests were st6pped prior to the panel touiching the bottom of

the die to enable the actual strain rate to be compared with that deter-

mined from cone-forming tests.

Hydrogen levels were determined by measuring weight loss caused by

dehydrogenation of tabs cut from the formed parts. Table 10 lists the

forming temperature, desired hydrogen level, predicted strain, actual

hydrogen level, and actual strain for the first three tests.

Two troughs were formed in each test, thus accounting for the two

values of actual strain. The good agreement between desired and actual

strain for test 3 (uncharged) indicates the applicabiity of cone test

data to actual forming conditions. The low actual strains for tests I

and 2 are attributed to the low hydrogen levels achieved. The trough

dies have a greater ratio of surface area to gas cavity volume than the

cone tester, and this difference is believed to be the cause of the

lower-than-expected amounts of internal hydrogen. Charging conditions

were altered to increase the amounts of internal hydrogen in the suc-

TABLE 10
FORMING PARAMETERS AND ACTUAL STRAINS OF PRELIMINARY

TROUGH-FORMING TESTS ON EQUIAXED-a TWAI-v CONTAINING HYDROGEN

Test Forming Desired Predicted Actual Actual
number temperature wto strain. e strain.e

(0C) hydrogen hydrogen

1 760 0.2 0.189 0.03 0.069, 0.067
2 800 0.1 0.163 0.01 0.069, 0.066
3 800 0 0.062 0 0.061, 0.059

," '" ,O•



ceeding panels. Table 11 lists the charging conditions and the result-

ing hydrogen concentrations and strains actually obtained.

The hydrogen levels attained in tests 7 aad 8 were in the lower end

of tne acceptable range. Panel 9 was formed to completion using the

charging parameters of panel 8. Panel 9 was formed with an applied

stress of 26.2 LAPa (3.8 isi) until tne sample made contact with the

trough (expected strain-rate is 3 x 10-4/s), and the stress was de-

creased to 18.8 APa (2.7 csi) to fill in the corners (expected strain-

rate is 1 x 1O'4/s).

The equiaxed-a Ti-6A1-4V panel 9 formed to completion (e - 0.85 at

the corners) at 8000C (1470 0 F) and three views of the formed panel are
shown in Figure 59. The hydrogen concentration was determined to be I

0.17 wt%. From the final strain oftained and the duration of applied

stress, the strain rate was determined to be at least 1.85 times faster

than the expected strain rate for uncharged Ti-6AI-4V.

Ti-6AI-2Sn-4Zr-2Ho samples were charged with the conditions used in

forming panel 9 in an attempt to achieve hydrogen levels of approxi-

mately U.2 wt'.. Table 12 lists the results of the first two charging

and forming attempts. Panel 11 was stopped prematurely because of a

leak. The attained hydrogen levels were less than the desired value.

TABLE 11
HYDROGEN CONCENTRATIONS OBTAINED IN EQUIAXED-. Ti-6A-4V

PANELS UNDER DIFFERENT CHARGING CONDITIONS AND
STRAIN ATTAINED WHEN FORMED INTO TROUGH.

Test Charging Charging Charge 016 Hydrogen Hydrogen Actual Trough-
Number temperature time pressure in flow rate wto, forming

(C) (h) (kPa) Ias mixture (L/h) hydrogen strain, e
1 760 2 1.03 1 140 0.03 0.068

2 760 2 0.34 1 140 0.01 0.068
3 No charging - merely a forming test of as-received specimen 0.060
4 760 2 0.34 5 140 0.05 0.054
5 720 2 1.38 5 140 0.05 0.052
6 720 2 1.38 5 140 0.04 0.061
7 640 4 1.38 5 140 0.10 0.089
8 640 4 1.38 5 140 0.09 0.081
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* Figure 59. Three views of a hydrogen-charged Ti-6AI-4V panel (9) formaed at SWC.
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Panel 12 was charged under the same conditions as panel 11 and then

formed at a stress of 18.8 MPa (2.7 ksi) at a higher temperature of

875 0C. This panel formed to near-completion attaining a strain of 0.80

at the corners with a two-fold increase in forming rate over the

uncharged specimens. The hydrogen level was only 0.06 wt%, and a faster
rate would be anticipated if a higher hydrogen level were attained.

Figure 60 shows three views of the formed part. Sections of the through

bottoms of panels 9 and 12 were dehydrogenated at 675 0C (1245 0 F) for

4 h. Table 13 compares the tensile properties of these sections with

those of the a -fabricated alloys and with panels formed from uncharged

alloys. The panels formed by hydrogen additions and dehydrogenated

after forming have strengths equal to the as-fabricated material and

slightly lower ductilities; however, the uniform elongations are compar-

able. Panels 9 and 12 have somewhat superior strengths than con-

ventionally formed panels, although they were not as ductile.

Figure 61 shows the microstructures of as-received, hydrogen-charged

and heated, and hydcogen-charged and superplastically formed Ti-6AI-2Sn-

bZr-21o. The formed parts have coarser grains, possibly accounting for

the decreased ductility; grain growth appears to be strain rather than

temperature induced. Figure 62 shows the grain growth caused by strain

in superplastically formed, equiaxed-a Ti-6AI-4V.

TABLE 12
FORMING PARAMETERS FOR PRELIMINARY TROUGH-FORMING TESTS ON

DUPLEX-ANNEALED Ti-6AI-2Sn-4Zr-2Mo CONTAINING HYDROGEN

Test Test StrainPanel Hydrogen temperature stress Strain, e rate, f
number (wt%) (oC) IMPa (ksi)I (s-1)

10 0.08 830 26.2 (3.8) 0.21 4.7 x 10-5
11 0.06 830 34.5 (5) 0.19 7.0 x 10- -

76



Figure 60. Three viem of a bydrogcu-chotled TI4A.2SoS4ZcZMO gone[ (12) formed at 87$*C.
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TABLE 13
COMPARISON OF MECHANICAL PROPERTIES OF AS-RECEIVED PANELS.

CONVENTIONALLY SUPERPLASTICALLY FORMED PANELS, AND
SUPERPLASTICALLY FORMED PANELS WITH INTERNAL HYDROGEN.

0.2% yiel Ultimate Total Uniform
Alloy Condition strasw tensile stres elongation elongation

IMPa (ksi1 [MPa (ksi)j (Ira

As-received 961 (139) 1000 (145) 12.8 7.8
964(140) 1009(146) 11.4 7.6

Conventional 8590(25) 923(134) 15.2 -

Eqix asuperpasc 8720126) 910(,132) 12.5-Equiaed-aformning(b)
T6A4VSuperplastic 958 (139) 1005 (146) 7.0 5.9

forming with 9380(36) 986 (143) 7.9 6.2
internal
hydrogen

As-received 936(136) 1016(147) 12.4 7.8
936(136) 1017 (148) 12.6 8.2

Conventional 925 (134) 987 (143) 12.5 -

Duplex-annealed superplastic 935 (136) 997 (145) 11.8 -

Ti-6A]-2Sn-4Zr-2Mo forming(s)

Superplastic 958 (139) 100)7(146) 10.2 6.7
forming with 936 (136) 986 (143) 7.3 4.6
internal
hydrogen_________________

(a) Reference 1.
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(a) (b)

10 )AM 10 )AM
(C)

10 /AM

* Figure 61. Scanning electron micrographs of duplex-annealed TI-6A1-2Sn-dZr-2Mo used In the
forming of panel 12: (a) as-reeved; (b) uncharged, heated, but unformed; and
(c) hydrogen charged, heated, and formed to a true strain of 0S.0
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(a) (b)

10p/M 10 JAM

Fiue6.Scanning electron micrographs of equiazed-a TI4AM-4V used in the fermiug of pane
9: (a) uncharged; heated, but unformd; and (b) hydrogen charged, heated, and

formed to a true uam of 0.35.
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SECTION VII

CONCLUSIO S

1. Uniquely fine microstructures can be obtained for laboratory-type

specimens of Ti-6AI-4V and Ti-6AI-ZSn-4Zr-ZMo by hydrovac processing

using vacuum encapsulation for beta annealing and subsequent

transformation.

2. tn order for production-size panels to be processed, a protective

coating must be used to prevent oxygen pick-up during the beta anneal;

the two coatings tested in this program, Formkote T50 and Deltaglaze

349 K, resulted in oxygen concentrations above the specification limits.

3. The temperature of the panels must be closely monitored because

5variations of ± L50C during dehydrogenation are crucial; some care must

be used in handling the panels before dehydrogenation, although they are

not extremely brittle.

4.. Correctly processed hydrovac materials exhibit increases in room-

and elevated-temperature tensile strengths of over 100 H1Pa (15 ksi).

5. Hydrovac processed Ti-alloys exhibit decreases in creep rates of at

least an order-of-magnitude; superplastic-forming and diffusion-bonding

properties are not improved by hydrovac processing.

6. Small amounts of internal hydrogen decrease the beta transus temper-

ature of the alloys, increase the percentage of beta phase at the super-

plastic forming temperature, and increase the superplastic strain rates.

7. Optimum amounts of hydrogen (- 0.1 wt) enable alloys to be formed

at lower temperatures and Ti-6AI-2Sn-4Zr-ZMo to be formed into shapes

not possible at any temperature using conventional forming methods.

8. Large troughs having good mechanical integrity can be formed in

panels containing intarnal hydrogen.
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9. Evolution of internal hydrogen d.ring the forming cycle decreases

formability by raising the beta transus temperature; however, form-

ability is still better than for the as-received alloy.

10. The presence of internal hydrogen and the evolution of internal

hydrogen do not improve diffusion bondability.
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SECTION VIII

RECOtENDAT IONS

I. This investigation demonstrated that vacuum encapsulation of samples

eale3 fine hydrovac macrostructures to 1e obtained without oxygen con-

tawination. The feasibility and. cost effectiveness of hydrovac pro-

cessing of large panels in evacuated metal Jack~ts should be determined.

2. A systematic evaluation of different surface coatings should be con-

ducted with the objet:ive of identifying a coating that is an effective

barrier for oxygen diffusion into the specimens at the beta-annealing
tezperature.

3. A thermodynamic investigation of the synergistic effects of internal

hydrogen and coating chemistry is recommended for detezmining the ondi-

tions under which oxygen pick-up is minimal.

4. This inveqtigation demonstrated that large parts can be superplasti-

cally formed at lower temperatures and in shorter times using ar argon-

hydrogen gas ,.isture ith modifications to existing production setups.

A logical extension of this study would be to scale-up the procass and

optimize the process parameters for the production by SPF/DB of large

parts on a routine basis.
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APEND I% A. PRACTICAL ASPECTS OF dYUKOVAL PKOCESSING

ON A PKOOUCT ION SCALE

CO4ET hydrovac processed 93 titanium alloy panels, which were divi-

dtd into tive Lots. The hydrogen levels obtained in each of the panels

are shown in Fijures A-1 - A-5. Although the inittal rj%4u.lq were char-

acterized by uneven hydrogen distributions, the last two lots show that

wicn experience, the desired hydrogen concentrations can be obtained

* routinely.

As deitcribed in Section IV, the two coatings studied (Formkote T50

and Deltaglaze 349M) permitted excessive oxygen absorption to occur

during the beta anneal. Considering the inherent temperature uncertain-

ties and Zradients present in production to be * 20°C (350F), a coating

protective to 8400C (1545 0 ?) musL be found.

k The dehydrogenation temperature is extremely zritical. Since desir-

able tensile properties are obtained from 660 to 7UOC (1200 to 1290°F),

successful processing can occur if the uncertainties and gradients in

temperature are loss than Z 0°C (350 F).

ORE.M1ET reports that the hydrogen-rharged samplas are not unduly

.ri:tle and that only minor precautions are aecessary to pravenat panel

breskage. In fact, no panels were broken after the first lot. All

panels experienced slight warpage, whicn occurred because the Oanels
stood on a shoct edge. Hanging the panels should alleviate this

problem.

In summary, correctly processed *.anels can be produced if tempera-

turs gradients and uncertainties are less than * 200 C (350F) and if a an

Adequate protective coating can be found.
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Lot

19 9~ 22 26 1 5 2 3 1

Lot 2

7 11 24 16 28 29 11 25 12 8

6 5 3 20 18 19 21 13 \ 4

Figure A-1. Relative positions and fins, hydrogen concentrations of batch-i panels after
hydrogenation by OREMET.
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42 40 33 34 3S 30 45 41 31

O -I

Lot 2

43 44 32 46 36 37 38 47 39

Figure A-2. Relative positions and final hydrogen concentrations of he..2panels after
hydropeatdon by OREMET.
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Lot

51 52 48 49 so 53 54 55 56 i

Lot 21

64 65 57 58 59 60 63 62 61

Lot 3

66 69 70 111 12 73 74 67 68

Figure A-3. Relative positions and final hydrogen concentrations of blich-3 panels after
hydrogenation by OREMET.
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101

Panel no.

*73 76 .77 7% 79 so 81 82 83 84

Figure A-4. Relad', positions and tinal hydrogen concentrations of batch.4 pamels after

hydropudom by OREMET.

21

85 8692 J Panel o.

Figure A-. Reltive positions and nit hydrogen concentraions of btch-5 pents after

hydrogenation by ORLaMET.
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A.PPWDIX A. AMLYSES OF SLAX1,L-SThSSS COtE FORNM4G

As described in Section 111.6, the cone-forming tester (Figure 12)

I enables the instantaneous cone height to be monitored as the sample

forms under coastanc-stress conditions. Throughout the forming opera-

clons, the part of the sample not in contact with the die has a hemi-

spherical coufguration. The biaxial stress, a(r), of a thick-walled

sphere subjected to an internal pressure P is

(r) - Pa(b + 3r(-)

2r 3(b 3 _ a 3 )

wbAre a is the inner radius, b is the outer radius, and r is the radius

4c the location of the stress. Thus the biaxial stress varies with

radius, ranging from a minimum at the inner radius,

(B-2)
( 3 3'

- (b a)

to a maximum at the outer radius,

P 3
3 3 (B-3)

2(b 3-a)3

For superplastic forming evaluations, it is desirabls to use a chin-wall

approximation, which yields a stress between i(a) and o(b).

For the cone ieometry employed in this testing (see Figure 5-1), t e

cone radius, R, is 27.4 = (1.076 in.) and trie cone angle, a, is 58°

The area of the spherical segment at point of first contact is 2ixd;

hence constancy of volume yields the relation

1- LI 2nx(x h)
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Ix

I2 d
I I

Figure B-i. Sebemade cyoseedom of comical d.

From the cone geometry,

Cos a/2

and

Ih R. tan az/2 (B-6)

Therefore,

2 -. ____1-7- tan a/2a-1I 2  1  os/2 Lcos a/
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w' - - -

tl . 2 (1 si z/2], ($-8)t 2 coo 2 a/2 I

and

t 1

2

Banco for a/2 *290

*1.347 (-0t 2

For most samples of this study, tI = 2.54 (0.100 in.); therefore

C2 1.88 a (0.074 in.). Additionally, b - z -R/cos /2; therefore,

at first contact with the comLcal die wall, b = 31.22 tm (1.229 in.) and

a - b - t 2 - 29.34 - (1.155 in.). Hance, the stress is a 7.84 P at

the Lner radius and 7.34 P at the outer radius stress.

The thin-wall approximation,

S(B-11..)

utiLizing the die radius of 27.4 am (1.078 in.) yields a 8.30 P,

an unrealistically high value. If the uembrane inner radius is used in

Equation (B-Il), che calculated stress is a - 7.78 P, a value within the

stress range calculated from the thick-wall relation, Equation (B-1).

Therefore, for a jeneral sample thickness, to, the thin-wall stress

equation was used in the form

93= (3-lZ)
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Where

t - t0.L.347 (5-13)

and

I-o
t0

a - 1.2.'2 - 1 7 (5-14)

The strainu g liven by

C - tlko) (8-13)

The ducrease Ln thickness ts the sun of that occurring before and after

tne sheet aakes contact .ith the die. From Equation (8-10), at moment

of contact, t - t /1.347; therefore, - 0.30 at that point. There-

after, t/r is a constant, as was demonstrated by Mackay et al. (R.afer-

ence i). Hence

dt _ dr (316) it rr

From Figure 5-1, r - (1 - c) tan a/2; therefore,

dr dc (B-17)
r C

and

(q c-i - a In ( q 2') (-

94
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where q2s the cone depth and q, is the cone dipth when contact is

first asde with the die.

The total *traiin is the sum of the two components:

"q2

"1 C 0.30 J' (1A .) (-) 

Figure 1-2 shows the strain rates at 9000 C of equiazed-a Ti-6A.L-4...i,

as a function of time for different stress levels. The decrease in

strain rate an a function of tim is attributed to grain growth.

2.0

18.8 NiPs
1,8 (2 .7 ksO .7M)

9,7 Ni4P.

(1.40 ksi)1.6

1.4
6.6 NI s

(0.95 ksi)

1.0
"3.2 IMPI

0.8 0,8 (0.47 ksi) -

0.6

0.4

0.2

0
0 2500 5000 7500 10000 12500 15000

Time (s)

Figure B-2. Time dependence of struin of equiaxed-a Ti.6AI-4V superplastcally formed at 9OPC
at the indicated stresses.
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2.0

1.4

1.2

Ci 1.0

0.8

0.6

0.4

0.2

0
0 2500 5000 7500 10 000 12 500 15 000

Time (s
Figure B.3. Time dependence of strain of 0~) equlaxed-cE TI-6AI-41' and (o) duplex-annealed

Ti-6A1-2Sn-4Zr-2Mo superplastically formed at 830*C and 18.3 MP (2.72 ki).

Figures B-3, B-4, and B-5 show the strain rates of the three asj-received

alloys at three different combinations of stress and temperature. Ti-

6A1-2Sn-4Zr-2Mo has lower strain rates than equiaxed-a Ti-6A1-4V.

Constant-stress tests uising tensile specimens were conducted at

various temperature/stress combinations, and the results were compared

with those obtained from the cone-forming tests. Figures B-6 and 3-7

demonstrate that the agreement is good between the data obtained from

the two tesjts at both 900 and 830 0C (1650 and 15250F). The differences

in the time aependences of strain rate at large strains between the

tensile specimens and cone specimens are causad by the extension of

tensile specimen gauge length beyond the uniform-temperature hot zone of

the furnace.

96



~2.

2.0 -, 'I
1.8

1.6

1.4

1.2

*. 1.0-

0.8-

0.6

0.2 -

0
0 2500 5000 7500 10 000 12 500 15 000

Time (s)

Figure 8-4. Time dopendence strain of (o) equiaxed-a Ti-6A-4V and (a) duplex-anneuled
TI-6AI-2Sn-4Zr-oMo superplastically formed at 900*C and 9.7 MP2 (1.40 ksi).

Conscant-strain-rate tests were also conducted at 830 0C (.52S50F)

using tensile specimens. 'As the specimens elongated, the crosshead

speed was increased incrementally so that the Instantaneous strain-rate

was always within 2% of the nominal values. Figure B-8 shows true-
stress/true-strai, plots of specimens tasted at five different straia

rates. Also included in Figure B-8 are values obtained from the

coastant-stress tests..
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2.0 I

1.8 '
1.6

1.4

1.2

0.8

0.6

0.4

0.2

0
0 .500 5000 7500 10 000 1250 15oIs000

Time (s)

Figure 9-5. Time deiendence strain of W' equinxed-a TI-6M.-4V and (e, o duplez-umueuled
TI-6AI-2Sn.4Zr-2Mo superplasdcally formed at 904C and 16.8 We' (2.72 kica).
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0 2500 5000 7500 10 000 12 500 15 000

Time (s)

Figure B-6. Time depewtem of sts of equiaxed-a Th6AJ-4V superptuastaily formed at 90*C
and 18.8 MP (2.72 kli) as determined by tensiei tests and ( c)cone-forming
tests.
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2.0

1.8

1.6

1.4

1.0

0.8

0.6

0.4

0.2

0
0 2500 5000 7500

Time (s)

Figure 3-7. Time dependence of strain of equiax~ed-a TI-6A1-4V superplastlcally formed at 830C
end ( )31 MPu (4.5 ksu)9 o )25 MN (3.6 ki). (0) 19 MP* (2.7 ksi)9 and
( a , c) 10 Weu (1.4 ksi). Open symbols denote cone-forming measurements and
closed symbols denote tensile-test measurements.
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9,6

3507

40 6

zo33

IA 20

00 0.2 0.4 0.6 0.8 1.0
True strain, e

Figure B-8. T -treu/true-trainltion of equiaxed-ca TI-6A1-4V at LSWC as deterined from
tensile specimens deformed at a constant strain rate. The data points were Obtained
from tensile specmeaa deformed under cosant-stresa conditions and Correspond to
the foowing strain raten: (0) l(r3/5, (to' S x 10-4/s, )2 w)x 10/s, (a) 10-/s. and

()x 1@4 /s.
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APPSNDL C. MECHANICAL PKOPERTIES UF ALLOYS HYDROVAC-PROCESS0D

BY ORLM"ET JSDIG FOR4KOTE T50 COATnIG AND 810 0C (1490 0 F)

BETA-ANNEALING TREATMENT

The tensile properties of the batch-1 improperly hydrovac-procsssed

alloys were determined in the longitudinal orientation at room and

elevated temperatures. Important mechanical properties are listed in

Table C-i for the hydrovac-processed alloys. These improperly hydrovac-

processed alloys had less than the desired microstructural refinement

and hid oxygen concentrations of 0.19 vtZ (a value significantly higher

than in the mill-processed alloys). Therefore the properties of these

alloys are not representative of optimally processed alloys. Figures C-

I - C-4 compare the temperature dependences of yield stress and ultimate

tensile stress of as-received and hydrovac-processed samples. Both

properties are improved slightly, by about 25 XPa (4 ksi), for Ti-6A1-

4V; however, these properties are deiraded for the hydrovac-processed

Ti-6Al-2Sn-kZr-Lo, particularly at higher temperatures. Some of the
low values fcr Ti-6AI-ZSn-4Zr-2Mo, as shown in Table C-I, were for

samples thet failed at extremely low strains.

TABLE C-i
TENSILE F%-')PERTIES OF OREMEr BATCH-i YDROVAC-PROCESSED ALLOYS

0.2% yield Ultmte Total
Alloy sr tensue stress elongsion

IMPs (khi)I IMP* (ks) (Oo)

21(70) 972(141) 1020(14.8) 11.3
21(70) 986 (143) 1048 (152) 7.4

Equiaxed-a 205 (400) 758 (110) 848 (123) 11.5
Ti-6AI-4V 205 (400) 752 (109) 841 (122) 9.5

371 (700) 625 (90.6) 724 (105) 9.6
371(700) 671 (97.3) 779(113) 9.2

21(70) ?03 (131) 945 (137) 0.8
21(70) 945 (137) 1062 (154) 11.5

Duplex-annealed 315 (600) 690 (100) 779 (113) 3.5
Ti-6A-2Sn-4Zr.2Mo 315 (600) 669 (97) 827 (120) 12.2

982 (900) 569 (82.5) 717 (104) 18.0
482 (900) 555 (80.5) 710 (103) 10.2

103 A0SN-W
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Figure C-l. Effect of temperaturvew'n the 0.2% yield stress of (0) as-received and ()OREMET

batch-I, hydrovac-processed, equiaxeda TI46AI-4V.
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Figure C-2. Effect of temperature on the 0.2016 yield s'ress of (0) asreceived and ()OREMET

batch-I * hydrovac-processed Tl.6A1-2Sn4Zr42M*.
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Figure C-3. Effect of temperature on tin ultimate tensile strength of (o) as-received and
(&) OREMET batch-i, hydrovac-procsed, equized-a T-4A-4V.
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Figure C 4. Effect of temperature on the ultimate tensile strmngth of k0) as-seived and
ORMTbitch-1. hydrovac-processed Ti-6Al-ZSn-4Zr .Mo.

105



1. CREEP EASUREMENTS

Creep tests at 350, 435, 520, and 6000C (660, 815, 970, atd 11i00F)

were performed on duplicate samples of improperly hydrovac-processed,

equiaxed-aTi-6AI-4V and Ti-6Al-ZSn-4Zr-2Mo. Figures C-5 and C-6 show

the effects of hydrovac processing on the steady-state creep rates of

the alloys. The creep rate of Ti-6A1-4V is reduced by one-third upon

hydrovac processing, but hydrovac processing does not improve the creep

resistance of Ti-6A1-2Sn-4Zr-2Mo.
I
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Figlure C-$, Stress depeuelc of srnsdy-state cmp rate for elqluld-u Tl-4A1-4V I. as-received
condlttos (open symbols) .. d OREMET betch.) hydrovse coadittom (closed symbols)
It ( & , ) 600oW, (0 ,, 0 ) 510oC, (. U ) S3rC,, slld I, * , ) ,,,S0C,
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Figure C-6. Stre depe eac, of ,tady-astse creep rate for duplex.saneled TI.4M S-4Zr-ZMo
In assemcved coedltio (o"em symbois) sad OREMET batc -I hydrovic conditlo
(dosed symbols) at (0, )60C. (o,. ) S2C, eo,m ) 435C, and (,w, v ) 350"C.

2. FATIGUE CRAC-GROWTR-RATE M.SURW.ENTS

Fatigue crack-growth rates of as-received and improperly hydro'at-

processed equiaxed-a Ti-6A.1-V and TAI-6A -2Sn-4Zr-Mo alloys were

decermined using compact-tiension specimens orianted in the long-

transverse direction. Specimen Seometry and cest procedures conformed

to ASTM Standard E647.

sf t The faciue crack-growth rates of dupLicate And triplicate iampl.s

- the alloys ihown in Figures C-7 - C-10 trdLcAe a god reprodctlil-

tty of data.
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Figure C-7. Fadtut-crack-growth rate of equiaxed-a TI4AI-4V at room temperature In ambient
air a determnedN by tripikatte tests.
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Figure C-10. Fatigue-,crak-growh rme of h~vdroveuc-pocsd duplexannuled
TI-GAi-2Sn-4Z.r-2Mo at room temperature In ambient air as

~detrimd by tril1catle tests.
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Table C-2 lists the experimentally determtied constants A and 9 of

the crack-Srowth-rate equation, da/dN 1 O" (AK)H. Iydrovac-processed

alloys are more susceptible to crack rowth as shown by the hig1her expo-

nents fot both equiaxed-a, Ti-6A ,-4V and Ti-6A-2Sn-Zr-2M. Itepresenta-

tive fatigue crack-growth rates of as-received and hydrovac-procesed

equiaxed-a T-6A-4V shown in Figure C-I1 clearly demonstrate that

hydrovac-processed alloys are more susceptible to fatigue-crack

propagat ion.

HAssureeents made during the crack-initiation phase of the fatigue

ccack-growth test rovide semi-quantitative itiformation about crack-

initiation susceptibility. The minimum values of &K at 4hich cracking

.4as observed electrically (Table C-3) indicate that the hydrovac-

processed alloys, particularly TL-6l.-WV, are nore resistant to crack

initiation.

Indications of fracture toughness, K, were obtained by stopping the

fatigue test before specimen failure and applying a slowly increasing

load. klthough plane-strain conditions were not iatisfted, the K values

obtained are useful for comparison because the thickness is the same fir

all specimens. Table C-4 shows that hydrovac processing signif tcantly

decreases the fracture toughness of the alloys.

r1
TABLE C-2

FATIGUE-CRACK-GROWTH PARAMETERS FOR CONVENTIONAL AND HYDROVAC.
PROCESSED TI4AI-V AND Tl4Al-1Se4ZrMo' 1

Alley A B

Equiued-a Ti-"A1-4V 8.79 2.84
Hydrovac-processed. equiaxed-a Ti-6A1-4V 9.94 3.95
Duplex-annealed Ti-6Al-2Sn-4Zr-LMo 9.16 3.15
Hydrovac-processed. duplex, annealed Ti-WA1-2Sn-4Zr-2Mo 12.00 5.74

Widmanstitten Ti.6AI-4V 9,27 3.01

(a) Crack-growth rate, da/dN (cm/Hz) as a function of stress-intensity amplitude, AK
(MP3i m). is given by the relation dadN = 10- , (.K)1.
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FRACTURE TOUGHNESS VALUES, N, DETERMINED FROM FATIGUE-CRACK.
GROWTH-RATE TESTS OF AS-RECEIVED AND HYDROVAC-PROCESSED T1-oAl-4

Allay M i kIvi~

Equiaxed-a Ti-6A.14V 92 (84), 99(90)
Hydrovac-processed, equiaxed-a Ti-6A1-4V 55 (50), 50 (45), 48 (44)
Duplex-annealed Ti-6A1-2Sn-4Zr-2Mo > 62 (56), > 70 (64)
riydrovac-processed, duplex-annealed Ti-6A1-2Sn-4Zr-2Mo 37 (34), 37 (34)
Equiaxed-a Ti-WA-4V I111 (101), 109 (99)
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